In a 2004 clearcut of a former even-aged oak (Quercus) forest, we examined the number and maximum height of stump sprouts for three oak species in east-central Pennsylvania. The greatest number of sprouts was produced by black oak (Quercus velutina) and chestnut oak (Q. montana) as compared with white oak (Q. alba). Logistic regression showed that diameter of stumps was a significant factor in determining the probability of sprouting for black oak, and an inverse relationship between stump diameter and the number of sprouts per stump was found for all three species. The number of white oak sprouts peaked in the 10 -20-cm diameter class and declined on larger stumps. The number of black oak sprouts peaked in the 20 -50-cm classes, and trees in the 70 -80-cm class produced the fewest sprouts. The mean annual growth of the tallest sprout on each stump was greater for black oak and chestnut oak than white oak.
O ak (Quercus) trees dominate forests throughout much of the eastern United States. However the ecological integrity of these forests is in jeopardy due to the multidecadal decline is oak reproduction (Reich et al. 1990 , Fralish et al. 1991 , Abrams 2003 ). This decline is attributed to a multitude of factors including forest density, light regime, competition from nonoak species, deer browsing and acorn predation, a lack of understory fire, and other factors. These factors have been particularly detrimental to oak seedlings arising from acorns (Beck 1992) . However, oak are also known to sprout vigorously from cut stumps, which leads to the question "to what extent can forest managers depend on oak sprouts to help regenerate our existing forests after they are cut?" Despite oak's reputation for producing stump spouts, there are surprisingly few quantitative studies in the northeastern United States that have investigated the ability of a variety of oak species to sprout across a range of stump diameters. Besides work by Gould et al. (2007) in the central Appalachians, the majority of research done on this topic has been focused on the Midwest (Sander 1971 , Johnson 1977 , Weigel and Peng 2002 and southeastern states (McGee 1978 , Ross et al. 1986 ). Thus, we know little about the diameter limits within which we can expect oak species to sprout vigorously following logging in the northeast.
This study was conducted in January 2007 in an area clearcut in the summer of 2004 on the National Guard Training Center at Fort Indiantown Gap (FIG) in eastern Pennsylvania. The study area has been subject to multiple clearcuttings. Forests were cleared for charcoal production to fuel the Manada iron furnace from 1841 to 1875, clearcut again in the early 1940s to provide building supplies for the US military training facilities at FIG (Signell et al. 2005) , and again in the summer of 2004. In addition to frequent harvesting, this site has also experienced numerous fires in the latter 20th century as a result of live ammunition used for military training (Signell et al. 2005) . The high intensity and frequent disturbances may prevent sprouting decline as noted in other regions where disturbance intensity has decreased and intervals between disturbance events has lengthened (Johnson 1977 , Weigel et al. 2006 . Thus, FIG provides a unique area to examine oak stump sprout growth due to its frequent disturbance regime. This study was therefore established to meet the following objectives: (1) determine the variation in sprouting ability between three contrasting oak species, white oak (Quercus alba), black oak (Quercus velutina), and chestnut oak (Quercus montana); (2) determine how sprouting in each species varies by stump diameter; and (3) determine the average annual growth of the dominant stump sprout for each species. (USDA 1972 , Zercher 2002 .
Site Description
Valley locations in the study site are formed from more easily weathered shales and siltstones, whereas ridges were formed from more resistant shales, sandstones, and conglomerates. Soils of ridge sites are primarily of the Hazelton, Laidig, and Buchanan series (Typic Dystrudrepts), derived in colluvium from sandstone, siltstone, or shale. Soils of valley sites are mostly moderately deep to very deep, well-drained soils of the Leck Kill and Bedington series (Typic Hapudults), derived in residuum from red shale, siltstone, or sandstone (USDA 1972) . The slope position for this site was classified as lower slope with a southeastern aspect.
Methods
In 2007, data was collected for oak stumps in a 2004 clearcut on FIG. A total of 280 stumps were selected using a 100% tally from a predetermined starting point in the clearcut where an equal number of white oak group (Leucobalanus) and red oak group (Erythrobalanus) species were recorded. Metrics included the diameter of the stump, the total number of sprouts for each individual stump, and the height of the tallest stump sprout. Rough field counts of parent stump age were made to estimate stand age.
Logistic regression was used to analyze the relationship between stump diameter and the probability of sprouting for each species. Logistic regression is a statistical method for developing models with a dichotomous response variable (e.g., sprouting success or failure) (Cook and Weisberg 1999) . The model used for estimating p, the probability of sprouting, is
where x is stump diameter. Data for stumps and stump sprouts were then separated into 10-cm diameter classes. For each oak species, the average number of sprouts per stump and the proportion of stumps with stump sprouts were calculated. Mean annual growth rates were derived using the tallest sprout height for each stump (mean annual growth ϭ total height of tallest sprout divided by the age of the clearcut [2.5 years]). One-way ANOVAs were used in conjunction with Tukey's honestly significant differences test to determine significant differences in mean number of sprouts and mean annual growth, both between species and between diameter classes.
Results
A total of 280 stumps were measured, including 140 black oaks, 68 chestnut oaks, and 72 white oaks. Rough field counts of growth rings on 35 stumps revealed that the majority of parent trees dated to the early 1940s. Stump diameters ranged from 6.4 to 76.2 cm for black oak, 8.9 to 49.9 cm for chestnut oak, and 11.4 to 48.2 cm for white oak. The probability of stumps sprouting declined with increasing stump diameter for each species (Figure 1) . However, logistic regression showed a significant relationship between diameter and the probability of sprouting for black oak (P ϭ 0.013), but not for chestnut oak (P ϭ 0.158) or white oak (P ϭ 0.592). Nearly 74% of white oak stumps had sprouts. Chestnut oak had the highest overall percentage of stumps with sprouts (96%), but, like white oak, percentages varied depending on diameter class. Black oak also recorded a relatively high overall percentage of stumps with sprouts (87%), but in contrast to species from the white oak group, black oak stump sprouts were found in all diameter classes in relatively high percentages.
White oak had relatively fewer sprouts than black and chestnut oak for each diameter class except the 10 -19.9-cm class (Figure 2 ). The analysis of variance confirmed significantly fewer sprouts for white oak than black and chestnut oak in diameters ranging from 20 to 39.9 cm and significantly fewer sprouts for white oak than black oak in the 40-to 49.9-cm class (Table 1) . White oak in the 10.0-to 19.9-cm size class produced more sprouts per stump (P Ͻ 0.05) than did white oak in the 20.0-to 49.9-cm classes (Figure 2A) . Similarly, black oak in the middle diameter classes (10.0 to 59.9 cm) produced more sprouts per stump than those in the smallest and largest diameter classes.
Mean annual growth for the tallest sprout on each stump among oak species also showed trends associated with species and diameter. Annual growth rates fluctuated more with white and chestnut oak than black oak ( Figure 2B ). Mean annual growth of white oak sprouts peaked at a relatively low parent-stump diameter range (10 -19.9 cm), whereas growth for chestnut oak was generally higher than white oak, reaching its highest growth between parentstump diameters of 10 -39.9 cm. Mean annual growth for black oak was greater than white and chestnut oak and remained steady across all parent-stump diameter classes. Mean annual growth was significantly higher (P Ͻ 0.05) for black oak than white oak in the 10 -19.9-and 30 -49.9-cm diameter classes, and between black oak and chestnut oak in the smallest diameter class (Table 2 ). All three species had significantly different growth rates (P Ͻ 0.05), with parent stumps ranging from 20 to 29.9 cm. Black oak had a higher mean annual growth rate (P Ͻ 0.05) for sprouts in the 20 to 29.9-cm diameter class than the 50 -59.9-cm class. Chestnut oak parent-stump diameters ranging from 10 to 19.9 cm, and the 30-to 39.9-cm class had a higher growth rate (P Ͻ 0.05) than sprouts from diameters ranging from 40 to 49.9 cm.
Discussion
Trends showing a decline in the number of oak sprouts and mean annual growth associated with increasing diameter in this study are consistent with results reported in the eastern, mid-western, and southeastern regions (Johnson 1977 , McGee 1978 , Gould et al. 2007 . The logistic regression model developed in this study, showing a significant relationship between diameter and sprouting probability for black oak but not for chestnut or white oak, may be due to the presence of larger stumps for black oak throughout the study area, whereas fewer large stumps of chestnut and white oak were available for the study. However, the degree of sprouting can also be affected by other variables besides stump size, including crown position/vigor before cutting and microsite and genetic differences between trees (Johnson et al 2002, Weigel and Peng 2002) . Models developed by Gould et al. (2007) to predict sprouting ability among oaks in the central Appalachians show that white oak rapidly loses sprouting ability with increasing diameter, whereas chestnut oak had the highest sprouting potential, and black oak's sprouting potential was intermediate in comparison. Although the percentage of sprouts is 100% for black oak in the largest diameter class (70 -79.9 cm) in this study, only one stump was recorded in this diameter range.
In this study, black oak had relatively high mean annual growth across all diameter classes compared to white oak group species. Mean annual growth for species in the white oak group also declined more rapidly with increasing stump diameter. Based on our age analysis of 35 cut stumps, we believe that this was an even-aged stand when cut in 2004. It is interesting to note that size of the black oak stumps reached the 50 -80-cm size classes, whereas white oak and chestnut oak stumps did not. This suggests that the growth rate of black oaks in this stand is greater than that of the two white oak species, which is consistent with the mean annual growth rate of the sprouts in this study. Moreover, tree ring studies have reported higher radial growth rates in red oaks than white oaks (Abrams et al. 1998, Abrams and Copenheaver 1999) . Johnson (1979) showed that four-year shoot elongation of the tallest stem among white and black oak increased as stump diameter increased up to a threshold of 6 inches (15.24 cm), and that, among black and white oak stump sprouts examined in southern Indiana, white oak had a marginal height-growth advantage (Johnson 1977) . Our results show a relatively high mean annual growth for black oak across all diameters. Growth peaked in the 20 -29.9-cm diameter class for black oak, whereas growth peaked in the 10 -19.9-cm class for both white and chestnut oak. However, it is likely that sprout thinning within each stump will increase as competition for light and nutrient requirements increases (Johnson 1975) .
The frequent disturbances at FIG over the last century or more are likely important for the perpetuation of oak stump sprouting throughout the study area. Clearcutting often prevents oak from reaching an age and diameter in which sprouting declines rapidly (Johnson et al. 2002) . Rough counts of tree rings indicate relatively young ages of parent trees at the time of harvest (60 -64 years), and parent tree age is known to be an important predictor of sprouting probability (Johnson et al. 2002, Dey and Jensen 2002) . In addition to recurrent harvesting, frequent fire in the late 20th century at select locations at FIG may have eliminated fire-intolerant species prior to harvest, creating optimal conditions for oak to predominate at the study area (Signell et al. 2005) . It is important to consider that oak regeneration methods using stump sprouting rather than seedlings may result in a more reliable and predictable method of regeneration (Steiner et al. 2008) . Stump sprouts have the potential to grow quickly within the first ten years due to the large root mass and stored carbohydrates. Multiple flushes in growth can occur even under droughty conditions, whereas most other growth forms are subject to a single flushing (Johnson et al. 2002) . Thinning of sprouts relatively early after harvest may improve growth rates of high quality sprouts, resulting in mature stems with better growth form for future harvest and rapidly creating oaks capable of mast production (Johnson et al. 2002) . Similar to other regeneration methods, site preparation methods aimed at reducing competitive vegetation before harvest, may be vital even for stump sprout regeneration. At FIG, recurrent fire may have successfully reduced fire-intolerant species before harvesting, and, as a result of harvesting at a relatively young age, oak may have a greater probability of becoming the primary constituent in the future forest composition.
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